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PP'PP NEGATIVELY IMPACTS RIBOSOME ASSEMBLY AFFECTING
GROWTH AND ANTIMICROBIAL TOLERANCE IN 'RAMPOSITIVE
BACTERIA
2EBECCA - #ORRIGANA ,AUREN % "ELLOWSB !LISON 7OODA AND !NGELIKA 'R¾NDLINGB
A $EPARTMENT OF -OLECULAR "IOLOGY AND "IOTECHNOLOGY 5NIVERSITY OF 3HEFlELD 3HEFlELD 3 4. 5+ B 3ECTION OF -ICROBIOLOGY AND -2# #ENTRE FOR
-OLECULAR "ACTERIOLOGY AND )NFECTION )MPERIAL #OLLEGE ,ONDON ,ONDON 37 !: 5+
3UBMITTED TO 0ROCEEDINGS OF THE .ATIONAL !CADEMY OF 3CIENCES OF THE 5NITED 3TATES OF !MERICA
4HE STRINGENT RESPONSE IS A SURVIVAL MECHANISM UTILIZED BY BACTERIA
TO DEAL WITH STRESS )T IS COORDINATED BY THE NUCLEOTIDES GUANO
SINE TETRA AND PENTAPHOSPHATE P	PP'PP	 WHICH INTERACT WITH
TARGET PROTEINS IN ORDER TO PROMOTE BACTERIAL SURVIVAL !LTHOUGH
THIS RESPONSE HAS BEEN WELL CHARACTERIZED IN PROTEOBACTERIA VERY
LITTLE IS KNOWN ABOUT THE EFFECTORS OF THIS SIGNALING SYSTEM IN
'RAMPOSITIVE SPECIES (ERE WE REPORT ON THE IDENTIlCATION OF
SEVEN TARGET PROTEINS FOR THE STRINGENT RESPONSE NUCLEOTIDES IN THE
'RAMPOSITIVE BACTERIUM 3TAPHYLOCOCCUS AUREUS 7E DEMONSTRATE
THAT THE '40 SYNTHESIS ENZYMES (PR4 AND 'MK BIND WITH A HIGH
AFlNITY LEADING TO AN INHIBITION OF '40 PRODUCTION )N ADDITION WE
IDENTIlED lVE PUTATIVE '40ASES  2SG! 2BG! %RA (m8 AND /BG%
AS P	PP'PP TARGET PROTEINS 7E SHOW THAT 2SG! 2BG! %RA (m8
ARE FUNCTIONAL '40ASES AND THAT THEIR ACTIVITY IS PROMOTED IN THE
PRESENCE OF RIBOSOMES BUT STRONGLY INHIBITED BY THE STRINGENT RE
SPONSE NUCLEOTIDES "Y CHARACTERIZING THE FUNCTION OF 2SG! IN VIVO
WE ASCERTAIN THAT THIS PROTEIN IS INVOLVED IN RIBOSOME ASSEMBLY
WITH AN RSG! DELETION STRAIN OR A STRAIN INACTIVATED FOR '40ASE
ACTIVITY DISPLAYING DECREASED GROWTH A DECREASE IN THE AMOUNT
OF MATURE 3 RIBOSOMES AND AN INCREASED LEVEL OF TOLERANCE TO
ANTIMICROBIALS 7E ADDITIONALLY DEMONSTRATE THAT THE INTERACTION
OF PP'PP WITH CELLULAR '40ASES IS NOT UNIQUE TO THE 3TAPHYLOCOCCI
AS HOMOLOGUES FROM "ACILLUS SUBTILIS AND %NTEROCOCCUS FAECALIS
RETAIN THIS ABILITY 4AKEN TOGETHER THIS STUDY REVEALS RIBOSOME
INACTIVATION AS A NEW MECHANISM THROUGH WHICH THE STRINGENT
RESPONSE FUNCTIONS IN 'RAMPOSITIVE BACTERIA
RIBOSOME | STRINGENT RESPONSE | TOLERANCE | PP'PP | 3TAPHYLOCOCCUS
AUREUS
5IF TUSJOHFOU SFTQPOTF JT B DPNQMFY NFDIBOJTN VUJMJ[FE CZ
BMM CBDUFSJB UP EFBM XJUI DFMM TUSFTTFT JODMVEJOH BNJOP BDJE EFQSJ
WBUJPO DBSCPO TPVSDF TUBSWBUJPO GBUUZ BDJE EFQMFUJPO BOE PTNPUJD
TUSFTT 	
 5IJT SFTQPOTF GJSTU DIBSBDUFSJ[FE PWFS  ZFBST BHP
JT DPPSEJOBUFE CZ UIF SBQJE TZOUIFTJT PG UIF OVDMFPUJEFT HVBOPTJOF
UFUSB BOE QFOUBQIPTQIBUF DPMMFDUJWFMZ UFSNFE 	Q
QQ(QQ 	

0ODF QSPEVDFE UIFTF BMBSNPOFT BSF SFTQPOTJCMF GPS DPOUSPMMJOH
B DFMMVMBS TXJUDI SFTVMUJOH JO UIF EPXOSFHVMBUJPO PG BDUJWF HSPXUI
BOE BO VQSFHVMBUJPO PG HFOFT JOWPMWFE JO UIF TUSFTT SFTQPOTF
	
 "EEJUJPOBMMZ UIFTF OVDMFPUJEFT IBWF CFFO TIPXO UP CF WJUBM
GPS DPOUSPMMJOH UIF USBOTJUJPO PG CBDUFSJB JOUP TUBUJPOBSZ QIBTF
CJPGJMN GPSNBUJPO TQPSVMBUJPO WJSVMFODF BOUJCJPUJD UPMFSBODF BOE
QFSTJTUFS DFMM GPSNBUJPO 	

*O QSPUFPCBDUFSJB JU IBT MPOH CFFO FTUBCMJTIFE UIBU BGUFS
FOEVSJOH TUSFTT 	Q
QQ(QQ JT TZOUIFTJ[FE CZ CPUI UIF NPOPGVOD
UJPOBM FO[ZNF 3FM" BOE UIF CJGVODUJPOBM FO[ZNF 4QP5 B QSPUFJO
UIBU BMTP DPOUBJOT 	Q
QQ(QQ IZESPMBTF BDUJWJUZ 	
 3FM" BTTP
DJBUFT XJUI SJCPTPNFT BOE TZOUIFUBTF BDUJWJUZ JT USJHHFSFE VQPO
BO BDDVNVMBUJPO PG VODIBSHFE U3/" TFOTFE CZ UIF SJCPTPNF
EVSJOH BNJOP BDJE EFQMFUJPO 	
 5IF TZOUIFUBTF BDUJWJUZ PG
4QP5 PO UIF PUIFS IBOE JT JOEVDFE CZ PUIFS TUSFTTFT TVDI BT
GBUUZ BDJE EFQMFUJPO 	
 0ODF TZOUIFTJ[FE UIF NBKPS FGGFDU PG
	Q
QQ(QQ QSPEVDUJPO JT BO BMUFSBUJPO JO HFOF USBOTDSJQUJPO XIFSF
TUBCMF 3/"T 	S3/" BOE U3/"
 BT XFMM BT DFMM QSPMJGFSBUJPO
HFOFT BSF EPXOSFHVMBUFE BOE HFOFT JOWPMWFE JO UIF TUSFTT BOE
TUBSWBUJPO SFTQPOTF BSF VQSFHVMBUFE 	
 *O (SBNOFHBUJWF CBDUF
SJB UIJT USBOTDSJQUJPOBM TIJGU JT NFEJBUFE CZ 	Q
QQ(QQ JOUFSBDUJOH
XJUI UIF 3/" QPMZNFSBTF 	3/"1
 XIJDI JO DPNCJOBUJPO XJUI
UIF USBOTDSJQUJPO GBDUPS %LT" NPEVMBUFT HFOF FYQSFTTJPO PO B
USBOTDSJQUJPOBM MFWFM 	 
 "TJEF GSPN UIF 3/"1 UIFSF BSF BU
MFBTU  PUIFS EJSFDU 	Q
QQ(QQ UBSHFU QSPUFJOT JO &TDIFSJDIJB DPMJ
TVDI BT UIF USBOTMBUJPO FMPOHBUJPO GBDUPST &'( BOE &'5V UIF
%/" QSJNBTF %OB( BOE B OVNCFS PG BNJOP BDJE EFDBSCPYZMBTFT
UIBU BSF JOWPMWFE JO UIF BDJE TUSFTT SFTQPOTF 	
 5IFTF OV
DMFPUJEFT BMTP QMBZ NBKPS SPMFT JO DPOUSPMMJOH CBDUFSJBM QFSTJTUFODF
JO (SBNOFHBUJWF CBDUFSJB CZ BDUJWBUJOH UPYJOBOUJUPYJO TZTUFNT
BOE USJHHFSJOH TMPX HSPXUI 	
 MFBEJOH UP DFMMT UIBU QFSTJTU JO UIF
IPTU GPMMPXJOH BOUJCJPUJD USFBUNFOU
*O 4UBQIZMPDPDDVT BVSFVT BT XFMM BT PUIFS (SBNQPTJUJWF
TQFDJFT 	Q
QQ(QQ JT TZOUIFTJ[FE CZ 34) B CJGVODUJPOBM
3FM"4QP5 IPNPMPHVF UIBU DPOUBJOT CPUI B TZOUIFUBTF BOE IZ
ESPMBTF EPNBJO 	 
 5IF HFOPNF PG 4 BVSFVT BMTP FODPEFT
UXP PUIFS NPOPGVODUJPOBM TZOUIFUBTFT 3FM1 BOE 3FM2 BOE USBO
TDSJQUJPO PG UIFTF FO[ZNFT JODSFBTFT XIFO DFMMT BSF FYQPTFE UP DFMM
XBMMUBSHFUJOH BOUJNJDSPCJBMT 	 
 3FDFOU XPSL PO 4 BVSFVT
IBT TIPXO UIBU UIF BCJMJUZ UP TXJUDI PO UIF TUSJOHFOU SFTQPOTF JT
FTTFOUJBM GPS JUT WJSVMFODF BOE JT SFRVJSFE GPS UIF PSHBOJTN UP DBVTF
DISPOJD JOGFDUJPOT 	

*O DPOUSBTU UP UIF TJUVBUJPO JO QSPUFPCBDUFSJB WFSZ MJUUMF JT
LOPXO BCPVU UIF CJOEJOH UBSHFUT GPS 	Q
QQ(QQ JO (SBNQPTJUJWF
TQFDJFT 5IFTF OVDMFPUJEFT EP OPU JOUFSBDU XJUI UIF 3/"1 	

3IGNIlCANCE
7HEN BACTERIA ENCOUNTER STRESSES SUCH AS NUTRIENT DEPRIVA
TION THEY REACT BY SWITCHING ON THE STRINGENT RESPONSE THE
EFFECTS OF WHICH ARE MEDIATED BY TWO NUCLEOTIDES COLLECTIVELY
REFERRED TO AS P	PP'PP 4HESE NUCLEOTIDES FUNCTION BY BINDING
TO TARGET PROTEINS LEADING TO BACTERIAL CELLS SHUTTING DOWN
ACTIVE GROWTH AND ENTERING A STATE THAT PROMOTES SURVIVAL
)N 3TAPHYLOCOCCUS AUREUS RELATIVELY LITTLE IS KNOWN ABOUT THE
TARGET PROTEINS WITH WHICH THESE NUCLEOTIDES INTERACT )N THIS
WORK A GENOMEWIDE NUCLEOTIDEPROTEIN INTERACTION SCREEN
WAS USED TO IDENTIFY PROTEIN TARGETS OF P	PP'PP IN ORDER TO
FULLY ESTABLISH THE PATHWAYS THESE NUCLEOTIDES CONTROL IN 'RAM
POSITIVE BACTERIA )N DOING SO WE IDENTIFY SEVERAL PREVIOUSLY
UNKNOWN TARGETS WITH ROLES IN RIBOSOMAL ASSEMBLY CELL GROWTH
AND ANTIMICROBIAL TOLERANCE
2ESERVED FOR 0UBLICATION &OOTNOTES
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&IG  #ONlRMATION OF THE INTERACTIONS BETWEEN P	PP'PP AND TARGET
PROTEINS !	 $2A#!,! WITH 0LABELED P	PP'PP AND WHOLE CELL LYSATES
PREPARED FROM % COLI STRAINS OVEREXPRESSING THE DIFFERENT TARGET PROTEINS "	
$2A#!,! WITH PURIlED RECOMBINANT PROTEINS AND 0LABELED P	PP'PP !LL
EXPERIMENTS WERE CARRIED OUT IN QUADRUPLICATE WITH THE DATA PLOTTED USING
THE 'RAPH0AD 0RISM SOFTWARE
BOE GFX EJSFDU CJOEJOH QSPUFJOT IBWF CFFO JEFOUJGJFE *U IBT CFFO
FTUBCMJTIFE UIBU UIF EFQMFUJPO PG DFMMVMBS (51 UIF TVCTUSBUF GPS
	Q
QQ(QQ TZOUIFTJ[JOH FO[ZNFT QMBZT B TJHOJGJDBOU SPMF JO JOJUJ
BUJOH UIF TUSJOHFOU SFTQPOTF JO UIFTF PSHBOJTNT 	
 %FDSFBTFE
(51 MFWFMT MFBE UP B EFDSFBTF JO UIF USBOTDSJQUJPO PG N3/"T
XJUI B (51 JOJUJBUJOH OVDMFPUJEF XIJDI JO (SBNQPTJUJWF CBDUFSJB
JODMVEFT NPTU S3/" QSPNPUFST 	
 "TJEF GSPN TVCTUSBUF EFQMF
UJPO 	Q
QQ(QQ BMTP BDUJWFMZ JOIJCJU (51 TZOUIFTJT JO #BDJMMVT TVC
UJMJT BOE &OUFSPDPDDVT GBFDBMJT CZ CMPDLJOH UIF GVODUJPOT PG )QS5
BOE (NL UXP FO[ZNFT JOWPMWFE JO UIF (51 TZOUIFTJT QBUIXBZ
	
 (51 MFWFMT BSF BMTP JNQPSUBOU JO TPNF TQFDJFT GPS UIF
BDUJWBUJPO PG $PE: B HMPCBM USBOTDSJQUJPOBM SFHVMBUPS *O B (51
CPVOE TUBUF $PE: CJOET UP %/" BOE SFQSFTTFT UIF USBOTDSJQUJPO
PG B OVNCFS PG HFOFT JOWPMWFE JO UIF BEBQUBUJPO UP OVUSJFOU
MJNJUBUJPO )PXFWFS VQPO FOUSZ PG DFMMT JO TUBUJPOBSZ QIBTF (51
MFWFMT EFDSFBTF MFBEJOH UP UIF SFMFBTF PG $PE: GSPN %/" EF
SFQSFTTJPO BOE USBOTDSJQUJPO PG UBSHFU HFOFT 	
 *OUSBDFMMVMBS
(51 MFWFMT EP UIFSFGPSF QMBZ B TJHOJGJDBOU SPMF JO NPEVMBUJOH UIF
TUSJOHFOU SFTQPOTF )PXFWFS HJWFO UIF JEFOUJGJDBUJPO PG NVMUJ
QMF 	Q
QQ(QQCJOEJOH QSPUFJOT JO & DPMJ JU TFFNT VOMJLFMZ UIBU
(51 IPNFPTUBTJT JT UIF TPMF SFHVMBUPSZ GVODUJPO GPS 	Q
QQ(QQ JO
(SBNQPTJUJWF TQFDJFT
*O UIJT TUVEZ XF VTFE B HFOPNFXJEF OVDMFPUJEFQSPUFJO JOUFS
BDUJPO TDSFFO UP JEFOUJGZ OPWFM UBSHFUT GPS UIF TUSJOHFOU SFTQPOTF
OVDMFPUJEFT 	Q
QQ(QQ JO 4 BVSFVT *O BEEJUJPO UP DPOGJSNJOH UIBU
CPUI )QS5 BOE (NL GSPN 4 BVSFVT DBO JOUFSBDU XJUI UIFTF OV
DMFPUJEFT XF EFNPOTUSBUF UIBU 	Q
QQ(QQ CJOE XJUI IJHI BGGJOJUZ
BOE TQFDJGJDJUZ UP GJWF QVUBUJWF (51BTFT  3TH" 3CH" &SB )GM9
BOE 0CH& JNQMJDBUFE JO SJCPTPNF BTTFNCMZ $IBSBDUFSJ[BUJPO
&IG  '40ASE ACTIVITY ASSAYS IN THE PRESENCE OR ABSENCE OF RIBOSOMES AND
P	PP'PP !	 4HE '40ASE ACTIVITY OF RECOMBINANT 2SG! 2BG! %RA AND (m8
WERE DETERMINED BY INCUBATING  w- PROTEIN WITH ˞0'40 OVERNIGHT AT
r# (YDROLYSIS WASMONITORED BY 4,# AND THE'$0 FORMEDWAS QUANTIlED
USING )MAGE* AND VALUES PLOTTED USING 'RAPH0AD 0RISM "	 4HE ENZYMATIC
ACTIVITY OF 2SG! WAS MONITORED AS ABOVE WITH SAMPLES WITHDRAWN OVER A
 H PERIOD #	 1UANTIlCATION OF '40ASE ACTIVITY IN THE PRESENCE OF 3
RIBOSOMES '40ASE ASSAYS WERE SET UP AS ABOVE IN THE ABSENCE OR PRESENCE
OF 3 RIBOSOMES 2EACTIONS WITH 2SG! WERE STOPPED AFTER  MIN WHILE
REACTIONS WITH 2BG! %RA AND (m8 WERE INCUBATED FOR  MIN $	 !NALYSIS
OF '40ASE ACTIVITY OF ALL FOUR TARGET PROTEINS IN THE PRESENCE OF P	PP'PP
(YDROLYSIS IN THE PRESENCE OF 3 RIBOSOMES WAS MONITORED IN THE PRESENCE
OF EITHER  M- PP'PP OR PPP'PP 2EACTIONS WITH 2SG! WERE STOPPED AFTER
 MIN WHILE REACTIONS WITH 2BG! %RA AND (m8 WERE INCUBATED FOR 
MIN %	 4HE ACTIVITY OF 2SG! WAS MONITORED IN THE PRESENCE OF INCREASING
CONCENTRATIONS OF PP'PP AND PPP'PP 2EACTIONS WERE STOPPED AFTER  MIN
AND ANALYZED BY 4,# &	 1UANTIlCATION OF THE '40ASE ACTIVITY OF 2SG! IN THE
PRESENCE OF P	PP'PP 4HE ENZYME REACTIONS WERE SET UP AS IN %	 AND THE
 '$0 FORMED QUANTIlED USING )MAGE* 4HE DATA WERE lTTED USING A DOSE
RESPONSE INHIBITION ALGORITHM IN 'RAPH0AD 0RISM WITH THE CORRESPONDING
)# VALUE GIVEN !LL EXPERIMENTS WERE PERFORMED IN TRIPLICATE AND AVERAGES
AND STANDARD DEVIATIONS WERE PLOTTED USING 'RAPH0AD 0RISM
PG 3TH" 3CH" &SB )GM9 SFWFBMFE UIBU UIFJS (51BTF BDUJWJUZ
JT JODSFBTFE JO UIF QSFTFODF PG SJCPTPNFT CVU JOIJCJUFE CZ UIF
TUSJOHFOU SFTQPOTF OVDMFPUJEFT 8JUI UIJT XF JEFOUJGZ B OFX NFDI
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Submission PDF&IG  $ELETION OF RSG! NEGATIVELY AFFECTS THE GROWTH AND RIBOSOMAL COMPO
SITION OF 3 AUREUS !	 'ROWTH OF 3 AUREUS STRAINS ,!#
 I4%4 ,!#
˂RSG! I4%4
,!#
˂RSG! I4%4RSG! AND ,!#
˂RSG! I4%4RSG! 4! /VERNIGHT CULTURES
GROWN IN THE PRESENCE OF  NGML !TET WERE DILUTED TO AN /$ OF 
TIME   H	 AND GROWN IN THE PRESENCE OF !TET FOR  H 'ROWTH CURVES WERE
PERFORMED  TIMES AND AVERAGE /$ READINGS AND STANDARD DEVIATIONS
PLOTTED "$	 %FFECT OF RSG! DELETION ON RIBOSOMAL PROlLES %XTRACTS FROM
WILDTYPE ,!#
 I4%4 "	 ,!#
˂RSG! I4%4 #	 AND ,!#
˂RSG! I4%4RSG! $	
GROWN TO EXPONENTIAL PHASE WERE FRACTIONATED BY SUCROSE DENSITY GRADIENT
CENTRIFUGATION 'RADIENTS WERE FRACTIONATED BY UPWARDS DISPLACEMENT AND
ANALYZED FOR 2.! CONTENT BY MEASURING THE ABSORBANCE AT  NM %XPERI
MENTS WERE PERFORMED IN TRIPLICATE WITH ONE REPRESENTATIVE GRAPH SHOWN
BOJTN CZ XIJDI UIF TUSJOHFOU SFTQPOTF BMBSNPOFT DBO DPOUSPM DFMM
QSPMJGFSBUJPO JO (SBNQPTJUJWF CBDUFSJB BU B QPTUUSBOTDSJQUJPOBM
MFWFM CZ BDUJWFMZ JOUFSGFSJOH XJUI SJCPTPNF BTTFNCMZ UP JOIJCJU DFMM
HSPXUI BOE QSPNPUF BOUJNJDSPCJBM UPMFSBODF
2ESULTS
*EFOUJGJDBUJPO PG 	Q
QQ(QQCJOEJOH QSPUFJOT VTJOH B HFOPNF
XJEF OVDMFPUJEFQSPUFJO JOUFSBDUJPO TDSFFO
0VS QSFWJPVT XPSL EFNPOTUSBUFE UIF VTF PG B EJGGFSFOUJBM
SBEJBM DBQJMMBSZ BDUJPO PG MJHBOE BTTBZ 	%3B$"-"
CBTFE 03
'FPNF TDSFFO BT B IJHIUISPVHIQVU QMBUGPSN GPS JEFOUJGZJOH JOUFS
BDUJPO QBSUOFST GPS DEJ".1 	
 *O PSEFS UP BEBQU UIJT TDSFFO UP
JEFOUJGZ 	Q
QQ(QQ CJOEJOH QSPUFJOT SBEJPMBCFMFE 	Q
QQ(QQ XBT
TZOUIFTJ[FE 	'JHT 4" 4# BOE 4$
 BOE VTFE JO DPNCJOBUJPO
XJUI BO 4 BVSFVT QSPUFJO FYQSFTTJPO MJCSBSZ UIBU DPOUBJOT 
03'T GSPN UIF HFOPNF PG UIF 4 BVSFVT TUSBJO $0- 	
PG UIF UPUBM OVNCFS PG 03'T JO UIF HFOPNF
 GVTFE UP B )JT
.#1UBH BOE FYQSFTTFE JO & DPMJ 5P QFSGPSN UIF HFOPNFXJEF
TDSFFO UIF 4 BVSFVT )JT.#1 QSPUFJO FYQSFTTJPO MJCSBSZ TUSBJOT
XFSF HSPXO VQ QSPUFJO FYQSFTTJPO JOEVDFE BOE DSVEF XIPMF
DFMM FYUSBDUT QSFQBSFE 5IFTF MZTBUFT XFSF BSSBZFE JO B  XFMM
GPSNBU BOE VTFE JO %3B$"-" CJOEJOH BTTBZT XJUI B  NJY
PG SBEJPMBCFMFE QQQ(QQQQ(QQ 	'JH 4%
 "O BWFSBHF GSBDUJPO
CPVOE GPS FBDI QMBUF XBT DBMDVMBUFE BT EFTDSJCFE CZ 3PFMPGT FU
BM 	
 BOE QPTJUJWF JOUFSBDUJPOT XFSF EFFNFE BT CFJOH UJNFT
HSFBUFS UIBO UIF CBDLHSPVOE 5IJT MFE UP UIF JEFOUJGJDBUJPO PG
TFWFO QVUBUJWF 	Q
QQ(QQ UBSHFU QSPUFJOT
5P JOUFSSPHBUF UIF CJOEJOH GVSUIFS UIF QMBTNJE GSPN FBDI
PG UIF TFWFO TUSBJOT XBT TFRVFODFE UP DPOGJSN UIF JEFOUJUZ PG
FBDI HFOF BOE SFUSBOTGPSNFE JOUP & DPMJ DFMMT 1SPUFJO FYQSFTTJPO
&IG  '40ASE ACTIVITY OF 2SG! IS CRUCIAL FOR ITS FUNCTION !	 $2A#!,! WITH
PURIlED RECOMBINANT -"0 -"02SG! 2SG!	 OR -0"2SG!4! 4!	
PROTEIN AND 0LABELED '40 AND PP'PP !LL EXPERIMENTS WERE CARRIED OUT
IN TRIPLICATE 4HE DATA WERE PLOTTED USING THE 'RAPH0AD 0RISM SOFTWARE
"	 4HE '40ASE ACTIVITY OF RECOMBINANT 2SG! AND THE 4! VARIANT WERE
ANALYZED IN THE ABSENCE OR PRESENCE OF 3 RIBOSOMES (YDROLYSIS WAS MON
ITORED BY 4,# THE  '$0 FORMED WAS QUANTIlED USING )MAGE* AND VALUES
PLOTTED USING 'RAPH0AD 0RISM #	 %FFECT OF INACTIVATION OF '40ASE ACTIVITY
ON RIBOSOMAL PROlLES 3TRAIN ,!#
˂RSG! I4%4RSG! 4! WAS FRACTIONATED
BY SUCROSE DENSITY GRADIENT CENTRIFUGATION AND ANALYZED FOR 2.! CONTENT BY
MEASURING THE ABSORBANCE AT  NM $	 %FFECT OF P	PP'PP PRODUCTION ON
RIBOSOMAL PROlLES 4HE PRODUCTION OF P	PP'PP WAS INDUCED BY THE ADDITION
OF  wGML OR  wGML MUPIROCIN TO EXPONENTIALLY GROWN CULTURES 
MIN POST INDUCTION CELLS WERE HARVESTED AND EXTRACTS ANALYZED BY SUCROSE
DENSITY GRADIENT CENTRIFUGATION 0EAKS CORRESPONDING TO 3 3 AND 3
ARE HIGHLIGHTED IN GREEN ORANGE AND BLUE RESPECTIVELY %XPERIMENTS WERE
PERFORMED IN TRIPLICATE WITH ONE REPRESENTATIVE GRAPH SHOWN
XBT PODF BHBJO JOEVDFE XIPMF DFMM MZTBUFT QSFQBSFE BOE CJOE
JOH UP CPUI QQQ(QQ BOE QQ(QQ FYBNJOFE 	'JH "
 'SBDUJPO
CPVOE WBMVFT IJHIFS UIBO UIF FNQUZ WFDUPS OFHBUJWF DPOUSPM XFSF
PCTFSWFE GPS BMM TFWFO TUSBJOT JOEJDBUJOH QPTJUJWF CJOEJOH JOUFS
BDUJPOT 'PMMPXJOH UIJT BMM TFWFO )JT.#1GVTFE QSPUFJOT XFSF
QVSJGJFE CZ /JBGGJOJUZ BOE TJ[F FYDMVTJPO DISPNBUPHSBQIZ 	'JH
4&
 BOE UIF SFDPNCJOBOU QSPUFJOT VTFE JO %3B$"-" CJOEJOH
BTTBZT XJUI SBEJPMBCFMFE 	Q
QQ(QQ 	'JH #
 #JOEJOH BTTBZT DPO
GJSNFE QPTJUJWF JOUFSBDUJPOT GPS TJY PG UIF UBSHFU QSPUFJOT OBNFMZ
)QS5 (NL 3TH" 3CH" &SB BOE )GM9 5IF CJOEJOH UP :RF)
IPXFWFS XBT WFSZ XFBL QSFWFOUJOH B EFUFSNJOBUJPO PG CJOEJOH
BGGJOJUZ 'PS UIJT SFBTPO UIJT QSPUFJO XBT OPU JOWFTUJHBUFE GVSUIFS
	Q
QQ(QQ CJOE TQFDJGJDBMMZ UP )QS5 BOE (NL GSPN 4 BVSFVT
UP JOIJCJU UIFJS GVODUJPO
0G UIF TJY JEFOUJGJFE 	Q
QQ(QQCJOEJOH QSPUFJOT UXP IBWF
QSFWJPVTMZ CFFO TIPXO UP JOUFSBDU XJUI UIFTF OVDMFPUJEFT OBNFMZ
(NL BOE )QS5 UXP QSPUFJOT JOWPMWFE JO (51 TZOUIFTJT (NL
JT UIF FO[ZNF SFTQPOTJCMF GPS UIF DPOWFSTJPO PG (.1 UP (%1
EVSJOH EF OPWP TZOUIFTJT PG (51 XIJMTU )QS5 JT JOWPMWFE JO
UIF TBMWBHF QBUIXBZ DPOWFSUJOH CPUI IZQPYBOUIJOF UP *.1 BOE
HVBOJOF UP (.1 5IF BDUJWJUJFT PG UIFTF FO[ZNFT GSPN CPUI #
TVCUJMJT BOE & GBFDBMJT BT XFMM BT (NL GSPN 4 BVSFVT 	(NL4"

IBWF CFFO TIPXO UP CF JOIJCJUFE JO UIF QSFTFODF PG 	Q
QQ(QQ
UIVT MPXFSJOH JOUSBDFMMVMBS (51 MFWFMT UP B SBOHF UIBU TVQQPSUT
TVSWJWBM EVSJOH TUBSWBUJPO 	

6TJOH UIF QVSJGJFE 4 BVSFVT(NL BOE )QS5 QSPUFJOT JO %3B
$"-"T XF TIPX IFSF UIBU CPUI QSPUFJOT IBWF TUSPOHFS BGGJOJUJFT
GPS QQ(QQ BOE QQQ(QQ PWFS (51 	'JHT 4" BOE 4# 5BCMF 4

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&IG  3TRAINS LACKING 2SG! OR PRODUCING AN INACTIVE '40ASE VARIANT EXHIBIT
INCREASED SURVIVAL UPON EXPOSURE TO ANTIMICROBIALS !	 %XPONENTIALLY GROW
ING ,!#
 I4%4 ,!#
˂RSG! I4%4 ,!#
˂RSG! I4%4RSG! AND ,!#
˂RSG! I4%4
RSG! 4! CELLS WERE EXPOSED TO  TIMES THE -)# OF PENICILLIN ' OXACILLIN
AND VANCOMYCIN 0ERCENTAGE SURVIVAL OF THE MUTANTS AND COMPLEMENTED
STRAINS AFTER  H EXPOSURE WAS COMPARED TO THAT OF THE WILDTYPE  SURVIVAL
WAS CALCULATED BY DIVIDING THE NUMBER OF CFUML AFTER ANTIBIOTIC TREATMENT BY
THE NUMBER OF CFUML PRIOR TO ADDITION OF THE ANTIBIOTICS &IVE INDEPENDENT
EXPERIMENTS WERE PERFORMED WITH THE AVERAGES AND STANDARD DEVIATIONS
SHOWN " AND #	 %XPONENTIALLY GROWING STRAINS WERE EXPOSED TO  TIMES
THE -)# OF PENICILLIN ' "	 OR CIPROmOXACIN #	 0ERCENTAGE SURVIVAL AT THE
INDICATED TIMEPOINTS WAS CALCULATED AS FOR !	 &OUR INDEPENDENT EXPERI
MENTS WERE PERFORMED WITH THE AVERAGES AND STANDARD DEVIATIONS SHOWN
&OR STATISTICAL ANALYSIS A TWOTAILED TWO SAMPLE EQUAL VARIANCE 3TUDENTಬS T
TEST WAS PERFORMED BETWEEN ,!#
 I4%4 AND ,!#
˂RSG! I4%4 OR ,!#
˂RSG!
I4%4RSG! 4! !STERISKS INDICATE STATISTICALLY SIGNIlCANT DIFFERENCES 
 0
 

 0  


 0 	
"EEJUJPOBMMZ JU XBT OPUFE UIBU UIFTF JOUFSBDUJPOT BSF TQFDJGJD BT
POMZ BO FYDFTT PG DPME VOMBCFMFE QQ(QQ CVU OPU BOZ PG UIF PUIFS
OVDMFPUJEFT UFTUFE DPVME DPNQFUF GPS CJOEJOH XJUI MBCFMFE QQ(QQ
&IG  P	PP'PP BIND '40ASES FROM MULTIPLE 'RAMPOSITIVE SPECIES $2A
#!,!S WERE PERFORMED WITH PURIlED RECOMBINANT !	 -"0TAGGED /BG%
FROM 3 AUREUS AND THE INDICATED 0LABELED NUCLEOTIDES OR "	 (ISTAGGED
2SG! 2BG! %RA AND (m8 PROTEINS FROM 3 AUREUS " SUBTILIS AND % FAECALIS
AND 0LABELED PP'PP !LL EXPERIMENT WERE CARRIED OUT IN TRIPLICATE 4HE
DATA WERE PLOTTED USING THE 'RAPH0AD 0RISM SOFTWARE
PS QQQ(QQ 	'JHT 4$ BOE 4%
 5P FYBNJOF XIFUIFS 	Q
QQ(QQ
DBO EJSFDUMZ JOIJCJU UIF GVODUJPO PG UIF TUBQIZMPDPDDBM )QS5 FO
[ZNF BOE UP DPOGJSN UIBU (NL4" DBO CF JOIJCJUFE UIF FO[ZNBUJD
BDUJWJUJFT PG CPUI QSPUFJOT XFSF NPOJUPSFE JO UIF QSFTFODF PG CPUI
QQ(QQ BOE QQQ(QQ &O[ZNBUJD BTTBZTNPOJUPSJOH UIF DPOWFSTJPO
PG HVBOJOF UP (.1 CZ)QS5 PS (.1 UP(%1 CZ(NLXFSF TFU VQ
BT QSFWJPVTMZ EFTDSJCFE 	
 5IJT BOBMZTJT SFWFBMFE UIBU UIF )QS5
BOE (NL FO[ZNFT GSPN 4 BVSFVT BSF JOIJCJUFE CZ CPUI QQ(QQ
BOE QQQ(QQ 	'JHT 4& BOE 4'

3TH" 3CH" &SB BOE )GM9 BSF QVUBUJWF (51BTFT JOWPMWFE JO
SJCPTPNBM CJPHFOFTJT
0G UIF GPVS SFNBJOJOH QVUBUJWF 	Q
QQ(QQCJOEJOH QSPUFJOT
JEFOUJGJFE GSPN UIF 4 BVSFVT TUSBJO $0- (BUFXBZ $MPOF 4FU
3TH" JT BOOPUBUFE BT B IZQPUIFUJDBM QSPUFJO UIBU IBT  JEFOUJUZ
PWFS  PG UIF QSPUFJO UP UIF & DPMJ SJCPTPNF TNBMMTVCVOJU
EFQFOEFOU (51BTF " 3CH" BOE )GM9 BSF EFTDSJCFE BT QVUBUJWF
(51CJOEJOH QSPUFJOT 3CH" XIJMTU OPU QSFTFOU JO & DPMJ BOE
PUIFS ˠQSPUFPCBDUFSJB TIPXT  JEFOUJUZ PWFS  PG UIF
QSPUFJO UP UIF SJCPTPNF CJPHFOFTJT (51BTF " GSPN # TVCUJMJT
BOE )GM9 IBT  JEFOUJUZ PWFS  PG UIF QSPUFJO UP UIF IJHI
GSFRVFODZ MZTPHFOJ[BUJPO MPDVT 9 (51BTF GSPN & DPMJ 'JOBMMZ
&SB JT BOOPUBUFE BT B (51CJOEJOH QSPUFJO UIBU IBT  JEFOUJUZ
PWFS  PG JUT MFOHUI UP UIF & DPMJ 3BTMJLF QSPUFJO GSPN & DPMJ
-JUUMF JT LOPXO BCPVU UIF GVODUJPOT PG UIFTF QSPUFJOT JO 4 BV
SFVT 3TH" GSPN 4 BVSFVT & DPMJ BOE # TVCUJMJT JT B OPOFTTFOUJBM
QSPUFJO UIBU JT OPOFUIFMFTT JNQPSUBOU GPS OPSNBM HSPXUI 	

XIJMF CPUI 3CH" BOE &SB BSF FTTFOUJBM 	
 6OMJLF FVLBSZPUJD
(51BTFT UIBU IBWF SPMFT JO NFNCSBOF TJHOBMJOH NFNCFST PG UIJT
GBNJMZ PG QSPLBSZPUJD (51BTFT BQQFBS UP IBWF GVODUJPOT MJOLFE
UP SJCPTPNF BTTFNCMZ *O & DPMJ JU IBT CFFO EFNPOTUSBUFE UIBU
&SB BOE 3TH" CJOE UP UIF 4 TVCVOJU PG UIF SJCPTPNF BOE BSF
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&IG  -ODEL DEPICTING THE FUNCTIONS OF P	PP'PP 5PON EXPOSURE TO NUTRIENT DEPRIVATION THE BACTERIA RESPOND BY ACTIVATING THE STRINGENT RESPONSE 4HIS
RESPONSE IS CONTROLLED BY TWO NUCLEOTIDE MESSENGERS ದ PP'PP AND PPP'PP WHICH FUNCTION TO SHUT DOWN ACTIVE GROWTH AND PROMOTE SURVIVAL >= /NCE
SYNTHESIZED THESE NUCLEOTIDES CAN BIND TO THE 2.!0 IN 'RAMNEGATIVE BACTERIA LEADING TO ALTERED TRANSCRIPTION AND DECREASED GROWTH )N 'RAMPOSITIVE
BACTERIA THESE NUCLEOTIDES INSTEAD BIND TO (PR4 AND 'MK TWO ENZYMES INVOLVED IN THE '40 SYNTHESIS PATHWAY (ERE THEY INACTIVATE THE FUNCTIONS OF THESE
ENZYMES RESULTING IN DECREASED INTRACELLULAR LEVELS OF '40 4HIS IN TURN RESULTS IN ALTERED TRANSCRIPTION OF A NUMBER OF GENES MEDIATED IN PART BY THE '40
REGULATED CONTROL OF THE TRANSCRIPTIONAL REPRESSOR #OD9 AND ALSO BY A DECREASE IN THE AVAILABILITY OF '40 AS AN INITIATING NUCLEOTIDE FOR TRANSCRIPTION >=
P	PP'PP CAN BIND TO BACTERIAL '40ASES )N UNSTRESSED CELLS THESE PROTEINS ASSOCIATE WITH THE RIBOSOME AND ARE THOUGHT TO CONTROL THE RIBOSOME MATURATION
PROCESSES LEADING TO THE FORMATION OF 3 RIBOSOMES )N STRESSED CELLS THE SYNTHESIS AND BINDING OF P	PP'PP TO THESE ENZYMES INHIBITS THEIR '40ASE ACTIVITY
RESULTING IN DECREASED 3 AND 3 ASSOCIATION AND A REDUCTION IN THE NUMBER OF MATURE 3 RIBOSOMES 4HIS IN TURN SLOWS GROWTH A CONSEQUENCE OF WHICH IS
AN INCREASE IN THE TOLERANCE OF BACTERIAL CELLS TO ANTIMICROBIALS >= )N ADDITION TO FACTORS CONTROLLING TRANSCRIPTION AND RIBOSOMAL ASSEMBLY P	PP'PP CAN ALSO
BIND TO PROTEINS INVOLVED IN TRANSLATION SUCH AS THE ELONGATION FACTORS %&' AND %&4U REPLICATION SUCH AS $NA' OR LIPID METABOLISM "INDING OF P	PP'PP TO
THESE PROTEINS INHIBITS THEIR FUNCTION AGAIN PROMOTING A SLOWER GROWTH STATE
DSJUJDBM GPS 4 SJCPTPNBM TVCVOJU CJPHFOFTJT 	  
 $SZP
FMFDUSPO NJDSPHSBQI JNBHFT PG CPUI QSPUFJOT JO DPNQMFY XJUI UIF
4 TVCVOJU TVHHFTU B DIBQFSPOJOH SPMF XIFSF UIFZ NBZ QSFWFOU
QSFNBUVSF BTTPDJBUJPO PG UIF 4 XJUI UIF 4 TVCVOJU QSFTVNBCMZ
VOUJM UIF 4 TVCVOJU IBT GVMMZ NBUVSFE 	 
 *OEFFE EFQMFUJPO
PG UIFTF QSPUFJOT JO CBDUFSJBM DFMMT MFBET UP B EFDSFBTF JO 4
SJCPTPNFT XJUI B CVJMEVQ PG 4 BOE 4 TVCVOJUT 	  
 *O
DPOUSBTU CPUI3CH" BOE)GM9 IBWF CFFO TIPXO UP CJOE UP UIF 4
TVCVOJU BOE BSF SFRVJSFE GPS JUT CJPHFOFTJT BT DFMMT EFQMFUFE GPS
3CH" TIPX B SFEVDUJPO JO 4 SJCPTPNFT XIJMF GSFF 4 TVCVOJUT
BSF DPNQMFUFMZ NJTTJOH 	    
 )GM9 IBT BMTP CFFO
JNQMJDBUFE BT B SJCPTPNFTQMJUUJOH GBDUPS JOWPMWFE JO SFTDVJOH
TUBMMFE SJCPTPNFT EVSJOH TUSFTT 	

	Q
QQ(QQ CJOET TQFDJGJDBMMZ UP UIF GPVS OPWFM UBSHFU QSPUFJOT
3TH" 3CH" &SB BOE )GM9
*O PSEFS UP EFUFSNJOF CJOEJOH LJOFUJDT BOE JOUFSBDUJPO TQFDJ
GJDJUJFT CFUXFFO 	Q
QQ(QQ BOE UIF GPVS QVUBUJWF (51BTFT %3B
$"-"T XFSF QFSGPSNFE XJUI UIF QVSJGJFE QSPUFJOT #JOEJOH
BGGJOJUJFT JO UIF MPX ˩.SBOHF XFSF FTUBCMJTIFE GPS BMM UIF QSPUFJOT
BOE QQ(QQ 	'JH 4 BOE 5BCMF 4
 8JUI UIF FYDFQUJPO PG 3TH"
UIF BGGJOJUJFT PG BMM GPVS QSPUFJOT UP QQQ(QQ BOE (51 XFSF 
 UJNFT XFBLFS JOEJDBUJOH UIBU QQ(QQ NBZ CF B NPSF QPUFOU
FGGFDUPS JO 4 BVSFVT UIBO QQQ(QQ 	'JH 4 BOE 5BCMF 4
 3TH"
PO UIF PUIFS IBOE CPVOE QQ(QQ BOE (51 XJUI TJNJMBS BGGJOJUJFT
TVHHFTUJOH UIBU UIF PDDVQBODZ PG UIF CJOEJOH TJUF XJUI FJUIFS
MJHBOE JT HPJOH UP EFQFOE IFBWJMZ PO UIF JOUSBDFMMVMBS OVDMFPUJEF
DPODFOUSBUJPO BU BOZ HJWFO UJNF EVSJOH UIF HSPXUI DZDMF "EEJ
UJPOBMMZ JU XBT EFUFSNJOFE UIBU UIF JOUFSBDUJPOT CFUXFFO FBDI PG
UIFTF QSPUFJOT BOE QQ(QQ BSF TQFDJGJD BT POMZ BO FYDFTT PG DPME
VOMBCFMFE QQ(QQ CVU OPU BOZ PG UIF PUIFS OVDMFPUJEFT UFTUFE
DPVME DPNQMFUFMZ DPNQFUF GPS CJOEJOH XJUI MBCFMFE QQ(QQ 	'JH
4

3TH" 3CH" &SB BOE )GM9 BSF (51BTFT UIF BDUJWJUJFT PG
XIJDI BSF JOIJCJUFE CZ 	Q
QQ(QQ
5P FYBNJOF XIFUIFS UIFTF GPVS QSPUFJOT GVODUJPO BT (51BTFT
UIF QSPUFJOT XFSF JODVCBUFE XJUI SBEJPMBCFMFE (51 BOE UIF IZ
ESPMZTJT UP (%1 NPOJUPSFE CZ UIJO MBZFS DISPNBUPHSBQIZ 	5-$

8IJMF UIF DPOUSPM QSPUFJO .#1 XBT VOBCMF UP IZESPMZ[F (51
FWFO BGUFS PWFSOJHIU JODVCBUJPO BMM GPVS 	Q
QQ(QQCJOEJOH QSP
UFJOT IZESPMZ[FE (51 IPXFWFS UP WBSZJOH EFHSFFT 	'JH "
 "T
3TH" XBT BCMF UP GVMMZ IZESPMZ[F (51 VQPO PWFSOJHIU JODVCBUJPO
B UJNFDPVSTF XBT QFSGPSNFE XJUI UIF FO[ZNF SFWFBMJOH UIBU GVMM
IZESPMZTJT PG (51 UP (%1 PDDVSSFE XJUIJO  NJO 	'JH #

1SFWJPVT XPSL PO 3TH" GSPN & DPMJ SFQPSUFE UIBU UIF BDUJWJUZ
PG UIF QSPUFJO JT JODSFBTFE JO UIF QSFTFODF PG SJCPTPNFT 	

 5P EFUFSNJOF UIF FGGFDU PG SJCPTPNFT PO UIF BDUJWJUZ PG BMM
GPVS (51BTFT 4 SJCPTPNFT XFSF QVSJGJFE GSPN UIF DPNNVOJUZ
BDRVJSFENFUIJDJMMJOSFTJTUBOU 4 BVSFVT 	$".34"
 TUSBJO -"$
BOE JODMVEFE JO UIF (51 IZESPMZTJT BTTBZT 8IJMF POMZ B TMJHIU
JODSFBTF JO UIF FO[ZNBUJD BDUJWJUZ XBT PCTFSWFE GPS 3TH" B ESB
NBUJD JODSFBTF JO BDUJWJUZ XBT OPUFE GPS 3CH" &SB BOE )GM9 	'JH
$
 JOEJDBUJOH UIBU UIFTF QSPUFJOT BSF JOEFFE BMM JOUSBDFMMVMBS
(51BTFT UIF BDUJWJUJFT PG XIJDI BSF TUJNVMBUFE JO UIF QSFTFODF
PG UIF SJCPTPNF
/FYU UP EFUFSNJOF UIF FGGFDU PG 	Q
QQ(QQ PO UIF FO[ZNBUJD
GVODUJPO IZESPMZTJT BTTBZT XFSF QFSGPSNFE JO UIF QSFTFODF PG
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SJCPTPNFT BOE FJUIFS  N. QQ(QQ PS QQQ(QQ *OUFSFTUJOHMZ UIF
IZESPMZTJT BDUJWJUZ PG BMM GPVS (51BTFT XBT TJHOJGJDBOUMZ JOIJCJUFE
JO UIF QSFTFODF PG FJUIFS POF PG UIF TUSJOHFOU SFTQPOTF OVDMFPUJEFT
	'JH %
 5P FYBNJOF UIJT JO NPSF EFUBJM UIF BDUJWJUZ PG 3TH" JO
UIF QSFTFODF PG JODSFBTJOH BNPVOUT PG QQ(QQ PS QQQ(QQ XBT
NPOJUPSFE CZ 5-$ SFWFBMJOH BO *$ PG  s  ˩. GPS
QQ(QQ BOE  s  ˩. GPS QQQ(QQ 	'JHT & BOE '
 %VSJOH
TUSJOHFOU SFTQPOTF BDUJWBUJPO UIF MFWFMT PG 	Q
QQ(QQ JO UIF CBDUF
SJBM DFMM SJTF UP N.	 
 MFWFMT UIBU BSFNPSF UIBO TVGGJDJFOU
UP JOIJCJU UIF GVODUJPOT PG UIFTF FO[ZNFT "MUPHFUIFS UIFTF EBUB
SFWFBM UIBU 3TH" 3CH" &SB BOE )GM9 GVODUJPO BT (51BTFT UIF
BDUJWJUJFT PG XIJDI JODSFBTF VQPO BTTPDJBUJPO XJUI UIF SJCPTPNF
BOE BSF JOIJCJUFE VQPO JOUFSBDUJPO XJUI 	Q
QQ(QQ 5IFTF EBUB
GVSUIFS TVHHFTU UIBU VQPO JOEVDUJPO PG UIF TUSJOHFOU SFTQPOTF
XIFSF DFMMVMBS MFWFMT PG 	Q
QQ(QQ JODSFBTF UP  N. BOE MFWFMT
PG (51 GBMM UIF BDUJWJUJFT PG UIFTF FO[ZNFT BSF JOIJCJUFE XIJDI
DPVME BGGFDU UIF BTTFNCMZ PG GVODUJPOBM SJCPTPNFT
5IF BCTFODF PG 3TH" PS UIF JOIJCJUJPO PG JUT (51BTF BDUJW
JUZ SFEVDFT JOUSBDFMMVMBS MFWFMT PG 4 SJCPTPNFT BOE TMPXT UIF
HSPXUI PG 4 BVSFVT
8F OFYU XJTIFE UP FYBNJOF UIF DPOUSJCVUJPO PG SJCPTPNBM
(51BTFT UP UIF HSPXUI BOE WJBCJMJUZ PG 4 BVSFVT #PUI SCH" BOE
FSB BSF FTTFOUJBM HFOFT JO UIJT PSHBOJTN BOE TP UIF DPOTUSVDUJPO
PG EFMFUJPO NVUBOUT XBT OPU QPTTJCMF 3TH" BOE )GM9 PO UIF
PUIFS IBOE BSF FODPEFE CZ OPOFTTFOUJBM HFOFT BOE 4 BVSFVT
TUSBJOT XJUI JOGSBNF EFMFUJPOT JO UIFTF HFOFT XFSF DPOTUSVDUFE
JO UIF $".34" CBDLHSPVOE TUSBJO -"$ 8IJMF OP HSPXUI
EFGFDU XBT PCTFSWFE VOEFS UIF DPOEJUJPOT UFTUFE GPS UIF IGM9
NVUBOU TUSBJO UIF STH" NVUBOU TUSBJO HSFX TJHOJGJDBOUMZ TMPXFS
UIBO UIF XJMEUZQF -"$ 	'JH "
 5IJT HSPXUI EFGFDU DPVME CF
DPNQMFNFOUFE GVMMZ CZ UIF JOUSPEVDUJPO PG B QMBTNJE XJUI UIF STH"
HFOF FYQSFTTFE VOEFS BOIZESPUFUSBDZDMJOFJOEVDJCMF DPOUSPM 	'JH
"
 "T 3TH" JT SFQPSUFE UP CF JOWPMWFE JO FOTVSJOH 4 TVCVOJU
NBUVSBUJPO QSJPS UP CJOEJOH UIF 4 TVCVOJU 	
 XF TPVHIU UP
FYBNJOF UIF FGGFDU PG JUT BCTFODF PO UIF SJCPTPNBM DPOUFOU JO 4
BVSFVT 5P UIJT FOE UIF SJCPTPNBM QSPGJMFT GSPN FYUSBDUT PG UIF
XJMEUZQF TUSBJO -"$ UIF STH" NVUBOU BOE UIF DPNQMFNFOUFE
TUSBJO XFSF FWBMVBUFE CZ TVDSPTF EFOTJUZ HSBEJFOU DFOUSJGVHBUJPO
	'JHT # $ BOE %
 5IFTF QSPGJMFT SFWFBMFE UIBU JO UIF BCTFODF
PG 3TH" DFMMT DPOUBJOFE SFEVDFE MFWFMT PG JOUBDU 4 SJCPTPNFT
XJUI B DPODPNJUBOU CVJMEVQ PG 4 BOE 4 TVCVOJUT XIJDI JT
JO BHSFFNFOU XJUI QSFWJPVT PCTFSWBUJPOT UIBU 3TH" IBT B SPMF JO
SJCPTPNBM TVCVOJU BTTPDJBUJPO
"T SFQPSUFE BCPWF CJOEJOH PG 	Q
QQ(QQ JOIJCJUT UIF (51BTF
BDUJWJUZ PG 3TH" BOE BT TIPXO IFSF B EFDSFBTF JO UIF OVNCFS
PG NBUVSF SJCPTPNFT JT PCTFSWFE JO 4 BVSFVT JO JUT BCTFODF 5P
EFUFSNJOF XIFUIFS JOIJCJUJOH UIF (51BTF BDUJWJUZ PG 3TH" BMPOF
JT TVGGJDJFOU UP DBVTF UIJT QIFOPUZQF UIF OVDMFPUJEFT FODPEJOH
GPS B UISFPOJOF SFTJEVF BU QPTJUJPO  JO UIF TXJUDI  SFHJPO
PG UIF (51BTF EPNBJO PG 3TH" XFSF NVUBUFE UP FODPEF GPS BO
BMBOJOF JO PSEFS UP BCPMJTI (51BTF BDUJWJUZ 5IJT QSPUFJO WBSJBOU
TIPVME IBWF SFEVDFE (51BTF BDUJWJUZ BOE IFODF NJNJD B QSPUFJO
JOXIJDI UIF(51BTF BDUJWJUZ IBT CFFO JOIJCJUFE CZ 	Q
QQ(QQ 5IJT
WBSJBOU XBT FYQSFTTFE BOE QVSJGJFE GSPN & DPMJ DFMMT /VDMFPUJEF
CJOEJOH BTTBZT TIPXFE UIBU QQ(QQ DPVME TUJMM JOUFSBDU XJUI UIJT
QSPUFJO WBSJBOU JOEJDBUJOH UIBU JU JT OPU FTTFOUJBM GPS QQ(QQ CJOE
JOH IPXFWFS (51 CJOEJOH XBT BT FYQFDUFE TFWFSFMZ EJNJOJTIFE
	'JH "
 *O BHSFFNFOU XJUI UIF EFDSFBTF JO (51 CJOEJOH UIF
(51BTF BDUJWJUZ PG UIF QSPUFJO XBT ESBTUJDBMMZ SFEVDFE FWFO JO
UIF QSFTFODF PG SJCPTPNFT 	'JH #
 5IJT STH" 5" BMMFMF
XBT UIFO BMTP JOUSPEVDFE PO B DPNQMFNFOUJOH QMBTNJE JOUP UIF
STH"NVUBOU TUSBJO -"$˂STH" DSFBUJOH TUSBJO -"$˂STH" J5&5
STH" 5" .POJUPSJOH UIF HSPXUI PG UIJT TUSBJO SFWFBMFE B
TJHOJGJDBOU EFGFDU TJNJMBS UP UIBU PG UIF STH" NVUBOU DPOGJSNJOH
UIBU JOBDUJWBUJPO PG UIF(51BTF GVODUJPO PG UIJT QSPUFJO SFTVMUT JO B
TMPXFS HSPXUI QIFOPUZQF 	'JH "
 /FYU UIF SJCPTPNBM QSPGJMF GPS
TUSBJO -"$˂STH" J5&5STH" 5" XBT EFUFSNJOFE CZ TVDSPTF
EFOTJUZ HSBEJFOU DFOUSJGVHBUJPO SFWFBMJOH UIBU UIFSF JT TJNJMBS
UP UIF STH" NVUBOU B SFEVDUJPO JO UIF BNPVOU PG NBUVSF 4
SJCPTPNFT 	'JH $
 5PHFUIFS UIFTF SFTVMUT TVHHFTU UIBU JO UIF
BCTFODF PG 3TH" PS VQPO JOBDUJWBUJPO PG JUT (51BTF BDUJWJUZ UIF
NBUVSBUJPO PG SJCPTPNFT JT TFWFSFMZ BGGFDUFE
*U JT LOPXO UIBU JOEVDUJPO PG UIF TUSJOHFOU SFTQPOTF DBVTFT
B SFEVDUJPO JO UIF PWFSBMM RVBOUJUZ PG SJCPTPNFT CFJOH QSPEVDFE
EVF UP QQ(QQNFEJBUFE EFDSFBTFT JO S3/" USBOTDSJQUT 	 

0VS QSFWJPVT PCTFSWBUJPOT MFE VT UP TVTQFDU UIBU VQPO TZOUIFTJT PG
	Q
QQ(QQ UIJT OVDMFPUJEF XPVME BMTP CJOE UP UIF GPVS SJCPTPNBM
(51BTFT BOE JOIJCJU UIFJS BDUJWJUZ SFTVMUJOH JO B EFDSFBTF JO JOUBDU
4 SJCPTPNFT 5P FYBNJOF XIBU FGGFDU 	Q
QQ(QQ TZOUIFTJT IBT
PO UIF SJCPTPNBM QSPGJMF PG XJMEUZQF TUBQIZMPDPDDBM DFMMT UIF
TZOUIFTJT PG 	Q
QQ(QQ XBT USJHHFSFE CZ UIF BEEJUJPO PG B MPX
	 ˩HNM
 PS B IJHI 	 ˩HNM
 EPTF PG NVQJSPDJO GPS  NJO
DPOEJUJPOT LOPXO UP JOEVDF UIF TUSJOHFOU SFTQPOTF BOE FYUSBDUT
XFSF BOBMZ[FE CZ TVDSPTF EFOTJUZ HSBEJFOU DFOUSJGVHBUJPO "T
FYQFDUFE UIF PWFSBMM MFWFM PG SJCPTPNFT JO UIF DFMM XBT EFDSFBTFE
DPNQBSFE UP XJMEUZQF 	'JH %
 *O BEEJUJPO UIF SBUJP PG JOUBDU
4 UP 4 BOE 4 TVCVOJUT BMUFSFE GSPN  GPS UIF XJME
UZQF UP  XJUI UIF BEEJUJPO PG  ˩HNM NVQJSPDJO
BOE UP  JO UIF QSFTFODF PG IJHI MFWFMT PG NVQJSPDJO
SFWFBMJOH UIBU UIF MFWFMT PG 4 SJCPTPNFT XFSF JOEFFE EFDSFBTFE
BGUFS JOEVDUJPO PG UIF TUSJOHFOU SFTQPOTF DPNQBSFE UP VOUSFBUFE
DFMMT HSPXO JO UIF BCTFODF PG NVQJSPDJO 	'JH %
 "MUPHFUIFS
UIFTF EBUB MFBE VT UP QSPQPTF B SPMF GPS 	Q
QQ(QQ JO CJOEJOH UP
JOUSBDFMMVMBS (51BTFT JO PSEFS UP JOIJCJU SJCPTPNBM BTTFNCMZ BOE
QSPNPUF TMPX HSPXUI
*OIJCJUJPO PG (51BTF BDUJWJUZ MFBET UP JODSFBTFE UPMFSBODF UP
BOUJNJDSPCJBMT
*U IBT CFFO SFQPSUFE UIBU CBDUFSJBM DVMUVSFT OBUVSBMMZ DPOUBJO
TVCQPQVMBUJPOT PG TMPXFS HSPXJOH DFMMT UIBU BSF BTTPDJBUFE XJUI
QFSTJTUFODF BOE UPMFSBODF UP BOUJNJDSPCJBMT 	  
 *O (SBN
OFHBUJWF CBDUFSJB TVDI BT & DPMJ UIJT QFSTJTUFODF QIFOPUZQF IBT
CFFO MJOLFE UP JOUSBDFMMVMBS 	Q
QQ(QQ MFWFMT XIFSF IJHI MFWFMT
PG 	Q
QQ(QQ BDUJWBUF UPYJOBOUJUPYJO TZTUFNT MFBEJOH UP B SF
EVDFE CBDUFSJBM HSPXUI SBUF 	
 5P JOWFTUJHBUF XIFUIFS UIF TMPXFS
HSPXUI QIFOPUZQF PCTFSWFE JO UIJT TUVEZ BT B SFTVMU PG UIF JOBDUJWB
UJPO PG (51BTF BDUJWJUZ BMTP SFTVMUT JO UPMFSBODF UP BOUJNJDSPCJBMT
FYQPOFOUJBMMZ HSPXJOH DFMMT PG -"$ J5&5 -"$˂STH" J5&5
-"$˂STH" J5&5STH" BOE -"$˂STH" J5&5STH" 5" XFSF
GJSTUMZ FYQPTFE UP UISFF CBDUFSJDJEBM BOUJNJDSPCJBMT OBNFMZ UIF
QFOJDJMMJOT QFOJDJMMJO ( BOE PYBDJMMJO BOE UIF HMZDPQFQUJEF WBO
DPNZDJO 	'JH "
 #PUI UIF ˂STH" NVUBOU BOE UIF ˂STH" J5&5
STH"5" TUSBJO FYQSFTTJOH UIF JOBDUJWF(51BTF WBSJBOU TIPXFE
JODSFBTFE TVSWJWBM BHBJOTU BMM UISFF BOUJNJDSPCJBMT DPNQBSFE UP
UIF XJMEUZQF XJUI UIF JOUSPEVDUJPO PG B QMBTNJE FYQSFTTJOH UIF
STH" HFOF SFTUPSJOH TVTDFQUJCJMJUZ UP XJMEUZQF MFWFMT 	'JH "

5P FYBNJOF UIJT JO NPSF EFUBJM UIF TUSBJOT XFSF FYQPTFE UP CPUI
QFOJDJMMJO ( BOE UIF GMVPSPRVJOPMPOF DJQSPGMPYBDJO BOE DGV DPVOUT
EFUFSNJOFE PWFS B  I QFSJPE 	'JH # BOE $
 &YQPTVSF UP
QFOJDJMMJO ( SFWFBMFE TUBUJTUJDBMMZ TJHOJGJDBOU EJGGFSFODFT CFUXFFO
UIF XJMEUZQF BOE NVUBOU TUSBJOT BU UIF FBSMJFS UJNFQPJOUT XIJDI
CFDBNF MFTT ESBNBUJD PWFS UJNF 	'JH #
 *ODVCBUJPO PG TUSBJOT
XJUI DJQSPGMPYBDJO TIPXFE B IJHIMZ TJHOJGJDBOU JODSFBTF JO TVSWJWBM
GPS UIF NVUBOU TUSBJOT UIBU XBT TUJMM DMFBSMZ PCTFSWBCMF BGUFS  I
	'JH $
 5PHFUIFS UIFTF EBUB JOEJDBUF UIBU (51BTF JOBDUJWBUJPO
MFBET UP BO JODSFBTF JO CBDUFSJBM TVSWJWBM VQPO FYQPTVSF UP B
OVNCFS PG EJGGFSFOU UZQFT PG BOUJNJDSPCJBMT
(51BTFT GSPN B OVNCFS PG (SBNQPTJUJWF TQFDJFT BSF BMTP
UBSHFUT PG UIF TUSJOHFOU SFTQPOTF BMBSNPOFT
3TH" 3CH" )GM9 BOE &SB BSF FO[ZNFT CFMPOHJOH UP UIF
&SB0CH TVCGBNJMZ PG (51BTFT 0CH& GSPN & DPMJ IBT CFFO
TIPXO UP JOUFSBDU XJUI 	Q
QQ(QQ 	
 5P FYBNJOF XIFUIFS UIF
IPNPMPHVF PG UIJT QSPUFJO GSPN 4 BVSFVT BMTP JOUFSBDUT XJUI UIFTF
OVDMFPUJEFT UIF 4 BVSFVT0CH& QSPUFJO XBT QVSJGJFE BOE CJOEJOH
UP 	Q
QQ(QQ EFUFSNJOFE CZ %3B$"-" 	'JH "
 5IJT SFWFBMFE
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Submission PDF
B QPTJUJWF JOUFSBDUJPO UIBU XBT TPNFXIBU XFBLFS UIBO UIF CJOEJOH
PG QQ(QQ UP 3TH" 5IJT XFBLFS BGGJOJUZ JT QPUFOUJBMMZ XIZ UIF
QSPUFJO XBT OPU JEFOUJGJFE BT BO JOUFSBDUJOH QBSUOFS VTJOH UIF
XIPMF DFMM MZTBUF TDSFFO
*O PSEFS UP EFUFSNJOF XIFUIFS UIF CJOEJOH PG 	Q
QQ(QQ UP
UIF (51BTFT JEFOUJGJFE JO UIJT XPSL JT TQFDJGJD GPS 4UBQIZMPDPDDVT
PS JT B NPSF HFOFSBM SFHVMBUPSZ NFDIBOJTN VTFE CZ B OVNCFS PG
(SBNQPTJUJWF TQFDJFT UIF STH" SCH" FSB BOE IGM9 HFOFT GSPN
# TVCUJMJT BOE & GBFDBMJT BT XFMM BT 4 BVSFVT BT B DPOUSPM XFSF
BNQMJGJFE BOE DMPOFE JO B WFDUPS BMMPXJOH UIF FYQSFTTJPO PG UIF
SFTQFDUJWF QSPUFJOT BT /UFSNJOBM )JTUBHHFE GVTJPO QSPUFJOT "MM
QSPUFJOT XFSF TVCTFRVFOUMZ FYQSFTTFE JO & DPMJ BOE QVSJGJFE CZ
/JBGGJOJUZ DISPNBUPHSBQIZ %3B$"-" CJOEJOH BTTBZT XJUI
SBEJPMBCFMFE QQ(QQ SFWFBMFE B QPTJUJWF JOUFSBDUJPO CFUXFFO UIF
OVDMFPUJEF BOE BMM 4 BVSFVT BOE & GBFDBMJT )JTUBHHFE QSPUFJOT
	'JH #
 0G UIF # TVCUJMJT IPNPMPHVFT BMM XJUI UIF FYDFQUJPO PG
3TH"#4 TIPXFE TUSPOH CJOEJOH 	'JH #
 3TH" GSPN 4 BVSFVT
BOE # TVCUJMJT TIBSF  JEFOUJUZ CVU NVTU IBWF BNJOP BDJE
EJGGFSFODFT BU UIF CJOEJOH TJUF GPS QQ(QQ UIBU QSFWFOU CJOEJOH
"MUPHFUIFS UIFTF EBUB TVHHFTU UIBU UIF CJOEJOH BOE JOIJCJUJPO PG
CBDUFSJBM (51BTFT VQPO JOEVDUJPO PG UIF TUSJOHFOU SFTQPOTF JT
MJLFMZ B VCJRVJUPVT QSPDFTT JO (SBNQPTJUJWF CBDUFSJB
$ISCUSSION
6QPO EFUFDUJPO PG BO FOWJSPONFOUBM TUSFTT CBDUFSJB VUJMJ[F UIF
OVDMFPUJEFT 	Q
QQ(QQ UP NFEJBUF B DPNQMFY BOE NVMUJQSPOHFE
BQQSPBDI MFBEJOH UP DFMMT SBQJEMZ TIVUUJOH EPXO HSPXUI BOE
FOUFSJOH B QFSTJTUFOU TUBUF UIBU QSPNPUFT ESVH UPMFSBODF 5IF
XPSL QSFTFOUFE IFSF EFNPOTUSBUFT UIF VTF PG B HFOPNFXJEF
OVDMFPUJEFQSPUFJO JOUFSBDUJPO TDSFFO UP TZTUFNBUJDBMMZ JEFOUJGZ
UBSHFU QSPUFJOT GPS 	Q
QQ(QQ JO PSEFS UP VOSBWFM UIF NFDIB
OJTNT CFIJOE UIJT QSPDFTT "T FYQFDUFE UIJT TDSFFO JEFOUJGJFE UXP
QSFWJPVTMZ LOPXO UBSHFU QSPUFJOT GPS UIFTF OVDMFPUJEFT )QS5
BOE (NL QSPWJEJOH WBMJEBUJPO GPS UIF TDSFFOJOH UFDIOJRVF *O
BEEJUJPO XF IBWF JEFOUJGJFE GPVS QSFWJPVTMZ VODIBSBDUFSJ[FE 4
BVSFVT (51BTFT BT CJOEJOH QBSUOFST
(51BTFT BSF B TVQFSGBNJMZ PG VCJRVJUPVT FO[ZNFT XJUI SPMFT
JO TJHOBM USBOTEVDUJPO DFMM EJWJTJPO BOE QSPUFJO USBOTMBUJPO 5IJT
TVQFSGBNJMZ DPOTJTUT PG TFWFSBM TVCGBNJMJFT HSPVQFE CBTFE PO
JEFOUJUZ BOE GVODUJPO XIJDI JODMVEF UIF USBOTMBUJPO FMPOHBUJPO
GBDUPS TVCGBNJMZ UIF 'UT:'GI TVCGBNJMZ UIF &SB TVCGBNJMZ
BOE UIF 0CH TVCGBNJMZ 5IF USBOTMBUJPO FMPOHBUJPOGBDUPS HSPVQ
DPOUBJOT B OVNCFS PG QSPUFJOT UIF GVODUJPOT PG XIJDI IBWF
CFFO EFNPOTUSBUFE UP CF JOIJCJUFE CZ 	Q
QQ(QQ 'PS JOTUBODF
	Q
QQ(QQ DBO JOIJCJU UIF BDUJWJUJFT PG UIF FMPOHBUJPO GBDUPST &'(
BOE &'5V 	 
 BT XFMM BT UIF JOJUJBUJPO GBDUPS *' 	

XIJDI QPXFS UIF USBOTMPDBUJPO PG UIF SJCPTPNF EVSJOH QSPUFJO
TZOUIFTJT UIF CJOEJOH PG OFX BNJOPBDZM U3/"T UP UIF SJCPTPNF
BOE UIF GPSNBUJPO PG UIF JOJUJBUJPO DPNQMFY SFTQFDUJWFMZ 4FWFSBM
CBDUFSJBM (51BTFT PG UIF &SB0CH TVCGBNJMJFT JOUP XIJDI 3TH"
3CH" )GM9 BOE &SB HSPVQ BSF LOPXO UP GVODUJPO JO SJCPTPNBM
BTTFNCMZ NPSF TQFDJGJDBMMZ JO UIF NBUVSBUJPO PG UIF JOEJWJEVBM
4 BOE 4 SJCPTPNBM TVCVOJUT QSJPS UP NBUVSF 4 GPSNBUJPO
0OMZ POF PG UIFTF QSPUFJOT 0CH& GSPN & DPMJ JT LOPXO UP
JOUFSBDU XJUI 	Q
QQ(QQ 	
 0CH& IBT CFFO JNQMJDBUFE JO %/"
SFQMJDBUJPO 	
 BOE IBT BMTP CFFO TIPXO UP CJOE UP UIF (SBN
OFHBUJWF 	Q
QQ(QQ TZOUIFUBTFIZESPMBTF FO[ZNF 4QP5 GSPN &
DPMJ 	
 4JNJMBS UP 3TH" 3CH" )GM9 BOE &SB JU IBT SFDFOUMZ
CFFO TIPXO UIBU UIJT QSPUFJO BMTP IBT B SPMF JO 4 BOE 4
SJCPTPNBM TVCVOJU BTTPDJBUJPO BOE UIBU 	Q
QQ(QQ CJOEJOH UP UIJT
QSPUFJO DBO FOIBODF UIF BTTPDJBUJPO PG 0CH&XJUI UIF 4 TVCVOJU
PG UIF SJCPTPNF 	

*O UIF QSFTFOU XPSL XF JEFOUJGZ GPVS QVUBUJWF (51BTFT JO
4 BVSFVT UIBU IBWF UIF BCJMJUZ UP CJOE TQFDJGJDBMMZ BOE XJUI IJHI
BGGJOJUZ UP CPUI QQ(QQ BOE QQQ(QQ &O[ZNBUJD BOBMZTJT SFWFBMT
UIBU UIFTF FO[ZNFT BSF BMM BDUJWF (51BTFT UIF BDUJWJUJFT PG XIJDI
BSF FOIBODFE JO UIF QSFTFODF PG SJCPTPNFT CVU BSF JOIJCJUFE XIFO
UIFZ BSF CPVOE UP 	Q
QQ(QQ 5IF JEFOUJGJDBUJPO PG UIFTF OFX
UBSHFU QSPUFJOT BMMPXT VT UP QSPQPTF BO BEEJUJPOBM NFDIBOJTN CZ
XIJDI DFMMT VOEFSHPJOH TUSFTT DBO VUJMJ[F 	Q
QQ(QQ JO PSEFS UP
SBQJEMZ TIVU EPXO HSPXUI OBNFMZ CZ QSFWFOUJOH UIF BTTFNCMZ PG
4 SJCPTPNFT 	'JH 

5IF TUSJOHFOU SFTQPOTF BMBSNPOFT IFMQ CBDUFSJB UP BEKVTU UIFJS
HSPXUI UP TUSFTT DPOEJUJPOT JO B OVNCFS PG EJGGFSFOU XBZT 	'JH 

>.FUIPE > *O UIF ˞ ˟ BOE ˠQSPUFPCBDUFSJB 	Q
QQ(QQ CJOE UP
UIF 3/"1 BOE JO DPOKVODUJPO XJUI UIF USBOTDSJQUJPO GBDUPS %LT"
BMUFS UIF USBOTDSJQUJPO PG BQQSPYJNBUFMZ POF UIJSE PG UIF HFOPNF
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 UIF 3/"1 JT OPU B UBSHFU GPS 	Q
QQ(QQ
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 
 5IFTF OVDMFPUJEFT BSF BCMF UP CJOE XJUI IJHI
BGGJOJUZ BOE TQFDJGJDJUZ UP CPUI PG UIFTF FO[ZNFT SFTVMUJOH JO BO
JOIJCJUJPO PG FO[ZNBUJD GVODUJPO 	'JH 4 BOE 5BCMF 4
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 BT XFMM BT
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UIF QSPUFJOT BSF UIPVHIU UP IBWF B DBSFUBLJOH PS DIFDLQPJOU SPMF
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(51BTF BDUJWJUZ 	'JH "
 BT XFMM BT UIF JODSFBTF JO BOUJNJDSPCJBM
UPMFSBODF 	'JH 
 'VSUIFS JOWFTUJHBUJPO JT OFFEFE UP DPODMVTJWFMZ
TBZ JG SCH" FSB PS IGM9 NVUBOU TUSBJOT CFIBWF JO B TJNJMBS GBTIJPO
>.FUIPE > *O BEEJUJPO UP USBOTDSJQUJPO BOE SJCPTPNBM BTTFNCMZ
UIFTF OVDMFPUJEFT DBO BMTP CJOE UP B OVNCFS PG PUIFS UBSHFUT
TVDI BT UIF & DPMJ QSPUFJOT 1MT# BOE 1HT" UP TIVU EPXO MJQJE
NFUBCPMJTN 	
 UP %OB( GSPN CPUI (SBNOFHBUJWF BOE (SBN
QPTJUJWF CBDUFSJB UP JOIJCJU%/" SFQMJDBUJPO 	
 PS UIF FMPOHBUJPO
GBDUPS (51BTFT GSPN & DPMJ UP JOIJCJU QSPUFJO USBOTMBUJPO 	 

5PHFUIFS UIFTF NPEFT PG HSPXUI JOIJCJUJPO DPNCJOF UP FOTVSF
B SBQJE TIVU EPXO JO CBDUFSJBM HSPXUI 8IJMF UIF FYBDU CJPDIFN
JDBM NFDIBOJTN CZ XIJDI 	Q
QQ(QQ DBO JOIJCJU (51BTF BDUJWJUZ
IBT OPU ZFU CFFO GVMMZ FMVDJEBUFE UIF EBUB QSFTFOUFE IFSF DMFBSMZ
QPJOU UP UIF DPOUSPM PG SJCPTPNBM BTTFNCMZ BT B QPUFOU DPOUSJCVUPS
UP CBDUFSJBM TUSFTT TVSWJWBM
-ETHODS
"ACTERIAL STRAINS AND CULTURE CONDITIONS % COLI STRAINS WERE GROWN IN ," OR
,"- 	 AND 3 AUREUS STRAINS IN 43" AT r# WITH AERATION 3TRAINS AND
PRIMERS USED ARE LISTED IN 4ABLES 3 AND 3 4HE 3 AUREUS -23!	 3TRAIN
#/, 'ATEWAYp #LONE 3ET 2ECOMBINANT IN %SCHERICHIA COLI 0LATES  .2
WAS OBTAINED THROUGH "%) 2ESOURCES .)!)$ .)( )NFORMATION ON STRAIN
CONSTRUCTION IS PROVIDED IN 3) -ETHODS
0ROTEIN PURIlCATIONS 0ROTEINS WERE PURIlED FROM  , % COLI CULTURES
#ULTURES WERE GROWN TO AN /$  PROTEIN EXPRESSION INDUCED WITH
 M- )04' AND INCUBATED OVERNIGHT AT O# 0ROTEIN PURIlCATIONS WERE
PERFORMED BY NICKEL AFlNITY AND SIZE EXCLUSION CHROMATOGRAPHY AS PREVIOUSLY
DESCRIBED  	 0ROTEIN CONCENTRATIONS WERE DETERMINED BY ! READINGS
#ONSTRUCTION OF THE 3 AUREUS /2&EOME EXPRESSION LIBRARY  % COLI
STRAINS CONTAINING P$/.2 VECTORS WITH 3 AUREUS STRAIN #/, /2&S "%)
2ESOURCES .)!)$ .)(	 WERE GROWN IN  ML ,"- IN  ML WELL DEEP
DISHES SELECTING FOR KANAMYCIN RESISTANCE 4HE CULTURES WERE CENTRIFUGED
AND THE PLASMIDS EXTRACTED USING WELL -ULTI3CREEN(43 0,!3-)$ PLATES
-ILLIPORE	 4HE 3 AUREUS GATEWAY /2&EOME LIBRARY WAS SHUTTLED FROM THE
P$/.2 ENTRY PLASMIDS INTO THE PROTEIN OVEREXPRESSION DESTINATION VECTOR
P6,'7 USING ,2 CLONASE ENZYME )) AS PER MANUFACTURERಬS GUIDELINES
)NVITROGEN	 3UBSEQUENTLY THE DESTINATION PLASMID LIBRARY WAS INTRODUCED
INTO % COLI STRAIN 4)1 SELECTING FOR GENTAMICIN RESISTANCE
0REPARATION OF % COLI WHOLE CELL LYSATES 0ROTEIN EXPRESSION STRAINS
WERE GROWN IN ,"- MEDIUM OVERNIGHT AT r# AND PROTEIN INDUCTION
SUBSEQUENTLY INDUCED FOR  H WITH  M- )04' "ACTERIA WERE COLLECTED BY
CENTRIFUGATION AND SUSPENDED IN TH OF THEIR ORIGINAL VOLUME IN M-4RIS
P(   M- .A#L  M- -G#L BINDING BUFFER CONTAINING  M- 0-3&
 ˩GML $.ASE AND  MGML LYSOZYME #ELLS WERE LYSED BY  FREEZETHAW
CYCLES ,YSATES WERE DIRECTLY USED IN BINDING ASSAYS OR STORED AT O#
$IFFERENTIAL RADIAL CAPILLARY ACTION OF LIGAND ASSAY $2A#!,!	 4HIS ASSAY
WAS PERFORMED AS DESCRIBED PREVIOUSLY WITH SLIGHT MODIlCATIONS AS OUTLINED
IN 3) -ETHODS  	
3YNTHESIS OF P	PP'PP 0LABELED PPP'PP WAS SYNTHESIZED FROM ˞0
'40 0ERKIN %LMER	 BY INCUBATING  N- ˞0'40WITH  ˩-2ELSEQ PROTEIN
IN  M- "IS4RIS PROPANE P(   M- .A#L  M--G#L BINDING BUFFER
USING  M- !40 AS THE PHOSPHATE DONOR AT r# FOR  H 4HE 2ELSEQ PROTEIN
WAS SEPARATED FROM THE RADIOLABELED PPP'PP BY lLTRATION ON  K$A CUT
OFF SPIN COLUMN 4O SYNTHESIZE 0PP'PP THE 0PPP'PP WAS INCUBATED
WITH  ˩- OF THE PHOSPHATASE 'PP! FOR  MIN AT r# 4HE 'PP! PROTEIN
WAS SEPARATED FROM THE RADIOLABELED PP'PP BY lLTRATION ON  K$A CUTOFF
SPIN COLUMN 2EACTION PRODUCTS WERE VISUALIZED BY SPOTTING  ˩L ON 0%)
CELLULOSE & 4,# PLATES -ERCK -ILLIPORE	 AND SEPARATION IN  - +(0/
P(  4HE RADIOACTIVE SPOTS WERE VISUALIZED USING AN ,!  4YPHOON
0HOSPHOR)MAGER 5NLABELED P	PP'PP WAS SYNTHESIZED IN THE SAME WAY BUT
WITH THE ADDITION OF  M- '40 INSTEAD OF THE  N- ˞0'40 3PIKING A
DUPLICATE REACTION WITH RADIOLABELED '40 CONlRMED COMPLETE CONVERSION OF
'40 TO P	PP'PP
'40 HYDROLYSIS ASSAYS 4HE ABILITY OF PROTEINS TO HYDROLYZE '40 TO '$0
WAS DETERMINED BY INCUBATING  ˩- RECOMBINANT PROTEIN WITH  N-
˞0'40 IN  M- 4RIS P(   M- .A#L  M- -G#L AT r# FOR
THE INDICATED TIMES 2IBOSOMES AT A lNAL CONCENTRATION OF  N- AND
INCREASING CONCENTRATIONS OF PP'PP OR PPP'PP WERE ADDED TO THE INITIAL
MIXTURE WHERE INDICATED 4HE REACTIONS WERE INACTIVATED WITH THE ADDITION
OF FORMIC ACID TO A lNAL CONCENTRATION OF  - 0RECIPITATED PROTEINS WERE
PELLETED BY CENTRIFUGATION AT  X G FOR  MIN 2EACTION PRODUCTS WERE
THEN VISUALIZED BY SPOTTING  ˩L ON 0%)CELLULOSE & 4,# PLATES -ERCK-ILLIPORE	
FOLLOWED BY SEPARATION IN  - +(0/ P(  BUFFER 4HE RADIOACTIVE SPOTS
WERE VISUALIZED USING AN ,!  4YPHOON 0HOSPHOR)MAGER AND IMAGES
QUANTIlED USING )MAGE*
%NZYMATIC ASSAYS 'MK AND (PR4 ACTIVITY ASSAYS WERE PERFORMED AS
PREVIOUSLY DESCRIBED AND ARE OUTLINED IN THE 3) -ETHODS 	
3 RIBOSOME PURIlCATION 3 RIBOSOMES WERE PURIlED AS DETAILED
BY $AIGLE AND "ROWN WITH THE FOLLOWING EXCEPTIONS 	 2IBOSOMES WERE
PURIlED FROM  , OF THE 3 AUREUS STRAIN ,!#
 GROWN IN 43" MEDIUM 4HE
3 AUREUS CULTURE WAS GROWN TO AN /$ OF  BEFORE THE ADDITION OF ˩GML CHLORAMPHENICOL &OLLOWING A  MIN INCUBATION AT r# CULTURES WERE
ALLOWED TO COOL TO r# BEFORE CENTRIFUGATION #ELLS WERE SUSPENDED IN BUFFER
!  M- 4RIS(#L P(   M- MAGNESIUM ACETATE  M- .(#L 
M- %$4!  M- MERCAPTOETHANOL	 AND LYSED WITH  ˩GML LYSOSTAPHIN
AND  NGML $.ASE FOR  MIN AT r# ,YSATES WERE CENTRIFUGED AT  X
G FOR  H AND THE PROTOCOL CONTINUED AS PER $AIGLE AND "ROWN 	
2IBOSOMAL PROlLES FROM 3 AUREUS CELL EXTRACTS #RUDE ISOLATIONS OF
RIBOSOMES FROM 3 AUREUS CELL EXTRACTS WERE ACHIEVED AS DESCRIBED BY 5ICKER
ET AL WITH SOME MODIlCATIONS 	 "RIEmY  ML CULTURES OF THE DIFFERENT
3 AUREUS STRAINS WERE GROWN TO AN /$ OF  IN 43"  NGML !TET
&OR INDUCTION OF THE STRINGENT RESPONSE MUPIROCIN WAS ADDED TO CULTURES
 MIN PRIOR TO HARVESTING #ULTURES WERE ALLOWED TO COOL TO r# BEFORE
CENTRIFUGATION 4HE CELLS WERE SUSPENDED IN LYSIS BUFFER  M- 4RIS(#L P(
  M- MAGNESIUM ACETATE  M- .(#L AND  M- $44	 NORMALIZED
TO AN /$ OF  LYSED BY THE ADDITION OF  ˩GML LYSOSTAPHIN AND  NGML
$.ASE AND INCUBATED FOR  MIN AT r# 4HE EXTRACTS WERE CENTRIFUGED AT
 X G FOR  MIN AND SUBSEQUENTLY  ˩L WERE LAYERED ONTO 
SUCROSE DENSITY GRADIENTS IN  M- 4RIS(#L P(   M- -G#L AND 
M- +#L 'RADIENTS WERE CENTRIFUGED FOR  H AT  X G 'RADIENTS
WERE FRACTIONATED BY UPWARDS DISPLACEMENT OF  ˩L ALIQUOTS WHICH WERE
ANALYZED FOR 2.! CONTENT AT AN ABSORBANCE OF  NM
!NTIMICROBIAL TOLERANCE ASSAY /VERNIGHT CULTURES OF 3 AUREUS STRAINS IN
43" CONTAINING  NGML !TET WERE DILUTED TO AN /$ OF  AND GROWN
UNTIL AN /$ OF  WAS REACHED  ML ALIQUOTS WERE THEN INCUBATED WITH
 TIMES THE -)# VALUE FOR VANCOMYCIN  ˩GML	 OXACILLIN  MGML	
PENICILLIN '  ˩GML	 OR CIPROmOXACIN  ˩GML	 AS PREVIOUSLY DETERMINED
BY ETEST STRIPS !LIQUOTS WERE FURTHER INCUBATED AT r# FOR THE TIMES INDI
CATED #&5 COUNTS WERE DETERMINED BY REMOVING  ˩L SAMPLES CENTRIFUGING
AND SUSPENDING CELLS IN FRESH MEDIUM 4HE CELLS WERE SUBSEQUENTLY SERIALLY
DILUTED AND PLATED  SURVIVAL WAS CALCULATED BY DIVIDING THE NUMBER OF
CFUML AFTER ANTIBIOTIC TREATMENT BY THE NUMBER OF CFUML PRIOR TO ADDITION
OF THE ANTIBIOTICS
&OOTNOTE !UTHOR CONTRIBUTIONS 2-# AND !' DESIGNED RESEARCH
2-# ,%" AND !7 PERFORMED RESEARCH 2-# ,%" !7 AND !'
ANALYZED DATA AND 2-# AND !' WROTE THE PAPER
!CKNOWLEDGEMENTS 4HIS RESEARCH WAS SUPPORTED BY THE %UROPEAN 2ESEARCH
#OUNCIL GRANT  AND THE7ELLCOME 4RUST GRANT  TO !' AND A 3IR
(ENRY $ALE &ELLOWSHIP JOINTLY FUNDED BY THE 7ELLCOME 4RUST AND THE 2OYAL
3OCIETY 'RANT NUMBER ::	 TO 2-#
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QQ(QQ TUJMM NBHJDBM "OOV 3FW .JDSPCJPM 
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 #SPXO 5" +S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 "DUJWF TUBSWBUJPO SFTQPOTFT NFEJBUF BOUJCJPUJD UPMFSBODF JO CJPGJMNT
BOE OVUSJFOUMJNJUFE CBDUFSJB 4DJFODF 	
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